Bacterial leaching of an As-containing pyrite concentrate produced acidic (pH < 1) leachates. During the leaching, the bacteria solubilized both As and Fe, and these two elements were distributed in solution-phase and solid-phase products. Jarosite and scorodite were the exclusive crystalline products in precipitate samples from the bacterial leaching of the sulfide concentrate.
+ 4H+ + 4e --2H20
4Fe3+ + 4e --4Fe2+
The bacterial oxidation of pyrite and ferrous iron produces Fe(III) hydroxysulfates with a unit cell formula of X3Fe(SO4)2(OH)6 where X = K+, Na+, NH4+, or H30+. With ferric iron and arsenate, poorly soluble arsenical precipitates are formed, but these have not been characterized for bacterial leaching systems. In the present work, precipitates were collected from two bacterial leaching systems which contained pyrite and arsenical pyrite as the parent substrate. The precipitates were analyzed by X-ray diffraction (XRD) and partial elemental composition with a view to characterizing the solid-phase products of this bioleaching system.
The auriferous pyrite ore in this work was from Olympia, Greece, and was used as a finely ground (particle size, <0.5-mm) concentrate. A partial elemental analysis of a bulk sample yielded the following composition (wt/wt): 38.7% Fe, 40.5% S, and 11.3% As. XRD analysis showed that the Olympia concentrate sample used in these experiments contained pyrite as the only sulfide mineral. Other peaks indicated that minor amounts of quartz and gypsum were also present. The lack of arsenopyrite indicates that As was associated with pyrite as arsenical pyrite.
The mixed culture used in experiments A and B was pooled from various moderately thermophilic bacteria from Kingsbury coal spoil (6) Although XRD is not a quantitative method, the peak area or height can be used as a measure of the changes in relative amounts of two or three minerals in a mixture. Because of good crystallinity, the intensities (number of counts at peak top) of the 4.46-A (0.446-nm) scorodite peak at 19.9'20, the 3.09-A (0.309-nm) jarosite peak at 28.9020, and the 1.64-A (0.164-nm) pyrite peak at 56.2020 were selected to represent these three minerals.
Energy-dispersive elemental X-ray spectroscopic analysis was conducted under an atmosphere of air by using an X-ray fluorescence spectrometer (Tracor X-ray Spectrace 4050). The tube voltage was 10 keV, the tube current was 0.01 mA, no filter was used, and counts were collected for 100 s.
Two experiments were performed in which solid-phase products were sampled and characterized. In experiment A (1.5% [wt/vol] pulp density), the test culture reached 800 mV after 4 days of leaching (Fig. 1 solution. The main redox components in solution phase were the Fe(III)/Fe(II), As(V)/As(III), and sulfur couples, all originating from the concentrate sample as a result of bacterial leaching. The release of Fe and As continued throughout the time course ( Fig. 2A) . The leaching reaction was acid producing, with a final pH of 1.12 after 11 days of leaching. The second experiment, experiment B, was carried out at 10% (wt/vol) pulp density. Because of the larger amount of FeS2(s), the pH decreased to <1 (Fig. 1) . Ferrous iron (35 mM) appeared in solution at pH 0.83, suggesting that the low pH was inhibiting bacterial iron oxidation. Inhibition of bacterial activity was also apparent from the decline of the redox potential from 772 to 718 mV toward the end of the time course (Fig. 1) and by the lack of release of arsenic from the sulfide concentrate (Fig. 2B) .
Bacterial leaching led to the concurrent precipitation of two minerals, jarosite [KFe3(SO4)2(OH)6] and scorodite (FeAsO4. 2H,O), upon pyrite solubilization (Fig. 3) . The ratios of these two minerals showed a different trend in the two leaching experiments. After 3 days, the scorodite/ jarosite (S/J) ratio was similar in both series, but thereafter the proportion of scorodite decreased in experiment A and increased in experiment B ( Table 1 ). The ratios given in Table 1 density in experiment A (1.5%, wt/vol) and B (10%, wt/vol) may also account for the relative differences in the ratio of the two minerals. Semiquantitative energy-dispersive elemental X-ray spectroscopic data showed Fe, As, K, and S as the main elements in precipitate samples (Fe > As > S = K). Minor amounts of Mn, Cu, Zn, Cr, Ca, P, and La were also detected, representing minor and trace elements in the concentrate as well as those initially present in the mineral salts solution. Figure 4 shows that the amount of Fe and As precipitated from solution was relatively constant at 1.5% (wt/vol) pulp density, whereas it continually increased in experiment B (10% [wt/vol] pulp density). Experiments A and B each had relatively constant Fe/As molar ratios of 1.93 and 1.37, respectively, in precipitates throughout the time course, calculated from the changes in solution chemistry. The solubility of scorodite is lowest at pH 4 and increases with decreasing pH (2) . Therefore, the higher proportion of scorodite in the course of experiment B (10% pulp density) is due to the much higher concentration of As in solution compared with that in experiment A. This difference is a pulp density effect. Moreover, in view of the lower pH in experiment B (which had a higher proportion of scorodite), it can be concluded that pH is a major controlling factor in influencing the distribution of Fe(III) between jarosite and scorodite. Biological factors that have a direct impact on the pH in bioleaching systems are involved in determination of the relative distribution of As(V) and Fe(III) in solid-phase products. Bacterial oxidation of pyrite is an acid-yielding process which, in the presence of dissolved arsenate at pH = 1, favors the incorporation of Fe(III) into the scorodite phase, while jarosite formation is virtually negligible as a result of the low pH. Factors controlling the biological oxidation of iron are also important in influencing the distribution of arsenate in solution and solid-phase products because scorodite formation is effectively prevented in the absence of Fe(III). The chemical oxidation of ferrous iron in solution and of the iron entity in pyrite is insignificant at the pH values used in bacterial leaching processes.
The formation of scorodite controls the level of dissolved arsenate in solution and therefore has a direct impact on the bacteria used in bioleaching systems. The need for increased resistance of bacteria to arsenate in mineral biotechnology is partially alleviated by scorodite formation, which was shown to occur even at pH < 1. The bacterial oxidation of arsenical pyrite and arsenopyrite proceeds via the intermediate arsen- ite, which is fully soluble under these conditions. Arsenite is more toxic than arsenate to acidophilic bacteria involved in leaching processes (1, 5) . It is important to elucidate the mechanism of arsenite oxidation in bioleaching systems because the transformation to the pentavalent form is associated with a decrease in both solubility and toxicity. Additionally, our data signify the geochemical role of microorganisms in the mobilization and immobilization of arsenic in oxic environments. A good understanding of the conditions controlling the oxidation and precipitation of Fe-and Ascontaining compounds also has utility for management of environmental problems at mine sites as well as controlled biohydrometallurgical processes.
